Introduction
Since its development, the comet assay or single cell gel electrophoresis has proven to be a versatile and sensitive method of measuring DNA damage in individual cells. Initially dedicated to the detection of DNA double-strand breaks (DSBs), over the last 2 decades the assay has been modified at various stages to allow for the assessment of various kinds of damage including double-and single-strand breaks, base damage, DNA-protein cross-links, thymine dimers, 6-4 photoproducts and bulky adducts by use of lesion-specific antibodies or repair enzymes (for the recent reviews, see (1) (2) (3) (4) (5) ). Today the assay is a well-established, extensively used, simple, money and time effective tool to assess DNA damage and repair quantitatively and qualitatively in individual cell populations. The assay has been applied in many fields of fundamental and applied biology and medicine, such as in DNA damage and repair studies, genotoxicity testing, molecular epidemiology and human and environmental biomonitoring.
One potential drawback of the comet assay is the bias caused by changes in ability of cells to repair DNA damage in different cell cycle phases. Whereas the bias seems less important when G0 peripheral blood lymphocytes are studied, it might cause problems when proliferating cells are investigated. The cell cycle-dependent repair of DNA DSB via homologous recombination or non-homologous end joining is a well-established phenomenon based on the availability of the homologous chromatid during DNA repair (6-9); however, it has recently been shown that other types of DNA damage, such as cis-platininduced interstrand cross-links (10, 11) or H 2 O 2 -induced oxidative DNA damage (12) , might also be repaired by alternative DNA repair pathways during different cell cycle phases.
The other problem occurs if two sets of cells with different population distribution are given two different treatments, and difference between comet results is falsely attributed to the difference between treatments, but in fact results from the difference in population distribution. McArt et al. (13) suggested also that comet assay results may be biased, when measuring low amounts of DNA breaks, by the differences in initial level of DNA damage between cells in different cell cycle phase. The authors questioned the use of asynchronous cells in studies where low amounts of strand breaks are being observed, particularly if analyzed without unbiased sampling techniques.
The first attempts to use the comet assay to assess the cell cycle-dependent DNA damage were made by Olive and Banath (14, 15) . The authors using an elutriator or the FACS cell sorter to fractionate cells according to the cell cycle phases and measured the induction and repair of DNA damage. However, such an approach is laborious and requires special instrumentation. We (16, 17) and others (18, 19) proposed that comet results could be directly used to assess cell cycle-dependent DNA damage and its repair. This approach is based on the assumption that the total comet fluorescence intensity corresponds to the position of the cell in the cell cycle (an assumption similar to that underlying flow cytometric analysis) and that these data can be used to assign single cells to specific cell cycle phases. In this paper, we validate the approach by using a very homogenous blood mononuclear cell population in G0 phase (unstimulated) or stimulated to enter the cell cycle. The effect of the cell cycle position on the results obtained by the comet assay in proliferating and non-proliferating cell is discussed.
Materials and methods
All chemicals used were from Sigma-Aldrich (USA), unless otherwise indicated.
Cell isolation, stimulation and irradiation

CD34
þ cells were isolated from cord blood samples, collected from full-term normal deliveries and were diluted 1:1 with phosphate-buffered saline (PBS) (Gibco, USA). Subsequently, mononuclear cells were isolated by centrifugation on Ficoll; 1.077 g/ml at 400 � g for 40 min. The mononuclear cells were collected, washed twice in IMDM (Gibco) supplemented with 10 % fetal calf serum (Cytogen, USA) and resuspended in PBS with the addition of 0.5 % human serum albumin (Biomed, Poland). The CD34 þ fraction was isolated immunomagnetically using MSþ MiniMACS columns and the CD34 Direct Isolation Kit (Miltenyi Biotec, Germany) according to the manufacturer recommendations. In brief, after adding FcR Blocking Reagent, cells were labeled with MACS CD34 Microbeads for 30 min at 6-12°C. Subsequently, the labeled cells were enriched by passing the cell suspension through a column placed in a magnetic field. The positively selected cells were removed from the magnetic field and washed out from the column. The purity of the CD34 þ cell population was 90-95%, as determined by flow cytometry immediately after isolation. Isolated CD34 þ cells were cultured in 25 cm 2 flasks at a cell density of 1 � 10 5 /ml in a serum-free medium for the haematopoietic stem and progenitor cells (CellGro, USA). The stimulation of cell growth was obtained in the same medium supplemented with growth factors: stem cell factor (20 ng/ ml; PeproTech EC, UK), trombopoietin (TPO) (50 ng/ml; PeproTech EC) and Flt-3 ligand (Flt-3L) (50 ng/ml; PeproTech EC). After 48 h of incubation at 37°C in a humidified atmosphere of 5 % CO 2 , the cells were taken for further analysis.
Flow cytometric analysis
The assayed cells were acquisited using the FACS Calibur flow cytometer (Becton Dickinson, USA) equipped with an argon-ion laser tuned at 488 nm. The analysis was performed using CellQuest software (Becton Dickinson).
For CD34 þ cell quantification, the samples were labeled with mouse monoclonal anti CD34 antibody (anti HPCA-2, Becton Dickinson) directly conjugated to phycoerythrin (PE). An isotype matched PE-conjugated antibody (IgG1, Becton Dickinson) served as a control. The flow cytometric analysis consisted in the exclusion of debris and gating of the low-density cells on the forward scatter (FSC) versus the side scatter (SSC) dot plot. To estimate the percentage of CD34 þ cells, a second plot (SSC versus CD34 þ fluorescence) was drawn and PE-positive cells were gated. The absolute number of CD34 þ cells was calculated on the basis of the total number of nucleated cells.
For cell cycle analysis, the cells were fixed with 3 ml of ice-cold absolute ethanol for 1 h at 4°C and washed twice in PBS. Then, 1 ml of propidium iodide staining solution (50 lg/ml in PBS) was added to the cell pellet and mixed. Immediately, 50 ll of RNase A stock solution (10 lg/ml, boiled for 5 min) was added and the cells were incubated for 3 h at 4°C. The samples were stored overnight at 4°C and analyzed by flow cytometry using the FACS Calibur.
Alkaline comet assay
The comet assay (single cell gel electrophoresis) was performed as described in (20) . Briefly, an aliquot of cell suspension was mixed with an equal volume of 2 % low melting point agarose (Type VII), put on a microscope slide pre-coated with 0.5 % regular agarose (Type I-A) and left on ice. After agarose solidification, the cells were irradiated on ice with a dose of X-rays (8 Gy) using Siemens (Germany) X-ray machine operating at 180 kV, 18 mA with 1 mm Cu filter, at the dose rate of 1.2 Gy/min, the slides were then immersed in cold lysing solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris and 1% Triton X-100, pH 10) for 1 h. After lysis, the slides were placed on a horizontal gel electrophoresis unit filled with fresh electrophoresis buffer (1 mM Na 2 EDTA and 300 mM NaOH, pH .13 for 40 min for DNA unwinding). Next, electrophoresis was performed (1.2 V/cm �1 , 30 min, 10°C), the slides were washed with 0.4 M Tris, pH 7.5 (3 � 5 min) and stained with DAPI, 50 ll, 1 lg/ml. Images of 50 or 100 randomly selected comets per slide were captured at 200� magnification using a fluorescence microscope (Labophot-2, Nikon, Japan) equipped with Pulnix TM765 CCD camera (JAI, Japan). As comets fluorescence intensity differed between the samples analyzed, the system settings were adjusted to the comets intensity to avoid comet saturation. Comet saturation affects binning cells into the different cell cycle classes and lowers the comet assay results, thus the system settings should be adjusted to avoid saturation for all the analyses performed. No or very few cases of comet saturation were observed during the analysis reported in this publication. Image analysis of the data was performed by the Comet v.3.0 software (Kinetic Imaging Ltd., UK).
Cell cycle analysis by the comet assay
The results of the image analysis obtained with Comet v.3.0 software were exported to an Excel spreadsheet for further analysis. Comets were sorted according to the total optical density. The range of the values of the comet total optical density obtained by subtracting the lowest value from the highest one was arbitrarily divided into an appropriate number of classes and frequency distribution histograms were plotted. As the range of values of the comet total optical density differed between stimulated and resting cells, and also between irradiated and unirradiated cells, to obtain comparable results the number of classes was kept constant but not the width of the single class. Based on frequency distribution histograms, the cells were arbitrarily assigned to the respective phases of the cell cycle. Cell cycle phases were denoted according to the current nomenclature as follows (21) .
Gap 0 (G0) phase-resting cells, nonproliferating cells generally entered the quiescent G0 state from G1 and may remain quiescent for long periods of time. Since both have the same DNA content, they are undistinguishable from the G1 cells by methods utilizing DNA fluorescence.
Gap 1 (G1) phase-the cell cycle phase lasting from the end of the previous mitosis until the beginning of the DNA synthesis phase. It is also called the growth phase. Also the first cell cycle phase for quiescent cells entering cell cycle. During this phase, the cell synthesizes various enzymes that are required in S phase, mainly those needed for DNA replication.
Synthesis (S) phase-the cell cycle phase characterized by intensive DNA synthesis. During this phase, the amount of DNA in the cell is effectively doubled and this causes the increase in the fluorescence signal. The rates of RNA transcription and protein synthesis are very low during this phase, with the exception of histone production (22) .
Gap 2 (G2) phase-the cell cycle phase between the S phase and mitosis, characterized by marked protein synthesis, mainly involving the production of microtubules, which are necessary for mitosis.
Mitosis (M)-is the process of cell division, during which the eukaryotic cell separates chromosomes, cytoplasm and organelles to form two daughter cells, genetically identical to each other and to their parent cell.
Statistical evaluation
The goodness of fit of the comet results to the normal distribution was tested by the Kolmogorov-Smirnov test with Lilliefors probabilities. The statistical significance of the difference of means was evaluated using the Student's t-test; the homogeneity of variances was tested using the F-test; P , 0.05 was considered to be significant.
Results
Cell cycle distribution of CD34
þ cells assayed by flow cytometry does not vary from that established by comet assay CD34 þ cells analyzed by flow cytometry were assigned to the cell cycle phases according to the DNA content in the nuclei by using CellQuest software (Becton Dickinson). As expected, the majority of cells (91.4%) were in the G 0 phase of the cell cycle (indistinguishable from G1 phase in Figure 1A) . Treatment of the cells for 48 h with growth factors resulted in a shift from the G0 phase and the start of a cell cycle progression ( Figure 1B) . Although, the majority of cells were in the G0/G1 phase (69.1%), but the rest apparently moved to the S and G2/M phases (18.8% and 11.0%, respectively). The cell cycle distribution of the proliferating CD34 þ cells stimulated with growth factors observed in this work did not differ markedly from that already known from the literature for CD34 þ cells (23) or normal lymphocytes (24) . The analysis of the Comet Optical Density parameter obtained from the comet analysis software revealed a similar pattern of cell cycle distribution. In the resting CD34 þ cells, the vast majority of cells were in the G0/G1 phase (95%), whereas the stimulated cells entered the cell cycle resulting in 73% of cells in the G0/G1 phase, 17% of cells in the S phase and 10% of cells in the G2/M phase (Figure 2 ).
Whereas the very fast data acquisition by the flow cytometer allows the analysis of millions of cells per sample, in the comet assay only 50 comets are routinely analyzed per experimental point (usually in duplicate) as recommended in (25) . To estimate the minimal number of comet intensity classes necessary for a reliable frequency distribution during the assignment of comets to the cell cycle phases, the comet intensity results were divided into different number of classes. As can be seen in Table I , the frequency distributions of the analyzed comets did not vary with the increasing number of comet intensity classes nor between replicates for stimulated and resting cell populations. To assess the DNA damage distribution according to the position in the cell cycle, the cells were divided arbitrarily into cell cycle phases according to the DNA content in the nuclei, as described above. No differences between cell cycle phases were observed in resting and proliferating CD34 þ cells, neither untreated nor irradiated with the dose of 8 Gy of X-rays when the percent of DNA in the comet tail was taken as a measure of DNA damage. Interestingly, when Olive Tail Moment (OTM) was analyzed in the same samples, a statistically significant difference in DNA damage was observed between the S and G0/G1 phases in irradiated resting cells. However, due to the low number of S phase cells available for analysis (n 5 3), these results have to be taken with caution. Nevertheless, this observation was further supported by the analysis of DNA damage distribution through the cell cycle in the stimulated cells. Again, in the unirradiated cells no statistically significant differences were found between cells in the different cell cycle phases. However, in the irradiated cells, the differences became apparent. More DNA damage was observed in cells in the Comet assay validation for cell cycle-dependent DNA damage S phase, similar to that in the resting (G0) cells. Interestingly, the lowest damage level was observed in G2/M cells (Table II) .
Besides the differences in the induction of DNA damage in cells irradiated in different cell cycle phases, two other important phenomena were observed: large heterogeneity in the observed DNA damage and a loss of comet fluorescence in the irradiated cells as compared with the unirradiated ones ( Figures 3 and 4) . Considerable heterogeneity in the observed DNA damage was noticed in both resting and stimulated cells, controls and irradiated. The values of comet optical density (mean � standard deviation) were as follows: 1381 � 93 and 694 � 91 for unirradiated and irradiated resting cells and 1432 � 322 and 958 � 283 for unirradiated and irradiated stimulated cells, respectively.
Discussion
During the last 20 years, the comet assay has proven to be a useful tool for investigating the induction and repair of DNA in various cell types. One of its new applications is the analysis of cell cycle dependent DNA damage induction and repair. Analysis of the induction and repair of DNA damage according to the cell's position in the cell cycle has proved to be a useful tool in identifying patients oversensitive to DNA damaging agents and in predicting resistance of tumor cells to radio-and chemotherapy (26) .
Here, we validate the direct use of the comet assay for this purpose and show that analysis of the cell cycle distribution made by the comet assay and flow cytometry gives similar results. Flow cytometry is the most popular method of assessing cell distribution within the cell cycle phases. Using flow cytometry, we observe cell cycle distribution typical for stimulated lymphocytes (27) . Given that both flow cytometry and comet assay are based on the same rationale, namely, the measurement of the total nuclear DNA fluorescence, the two methods should give similar results when applied to the same cell population. Indeed, we show that cell cycle distributions of the same cell population obtained by flow cytometry and comet assay are similar (Figures 1 and 2) . However, in spite of the similarities between the two systems, the comet assay is not often used to study cell cycle-dependent DNA damage induction and repair. This is probably due to the limited number of cells per experimental point that are feasibly scored when performing the comet assay analysis. Usually, 50 or 100 cells per slide are scored in a typical comet assay experiment, in contrast to the hundreds of thousands analyzed by flow cytometry. However, we show that as few as 100 comets are sufficient to obtain cell distribution similar to that obtained by flow cytometry (Table I) . Moreover, since the analysis of replicate slides gives similar results (Table I) , it seems justified for the purpose of the cell cycle-related DNA damage analysis to pool results, thus enabling analysis of the 'typical' comet experiment (50 comets per slide, two slides per experimental point) (25) .
To avoid drawing conclusions from 'a single comet result' due to the limited number of comets available for analysis in a particular cell cycle phase, we studied the impact of the number of comet intensity classes on the distribution of cells through the cell cycle phases. As shown in Table I , as few as 15 comet intensity classes are enough to obtain a reliable distribution of cells in the cell cycle phases. Occasionally, in extreme cases, when the number of comets is limited, it is possible to pool the data from replicate slides, as the distribution data do not vary significantly between replicates. Moreover, recent development in semi or fully automated comet assay scoring systems (28) (29) (30) allows the counting of a larger number of comets per sample without significant loss of throughput capabilities, thus facilitating the distribution analysis and increasing its statistical power.
To further validate the use of the comet assay to analyze DNA damage according to the cell cycle distribution, we analyzed the DNA damage in resting and stimulated CD34 Representative data from single experiment. 100 comets were analyzed per slide. Representative data from single experiment. SD, denotes standard deviation.
a Denotes statistically significant difference (P , 0.05).
M. Kruszewski et al. cells irradiated with 8 Gy of X-rays (Figures 3 and 4) . A considerable scatter of DNA damage was observed between cells in different cell cycle phase and among the cells in the same growth phase. As shown here, even a very homogenous unstimulated CD34 þ cell population, theoretically of the same cell type and cell cycle phase (G0) position, shows large variability in terms of the comet assay results. The true nature of this phenomenon is still not understood, but bearing in mind that the scatter is observed in stimulated and resting cells, and in irradiated as well as unirradiated cell populations, we believe this reflects the dynamic of chromatin organization and remodeling. Changes in chromatin condensation were also proposed by McArt et al. (13) as an explanation of the heterogeneity of comets observed in their experiments. The heterogeneity of comet results is typical for most analyses (31) (32) (33) , reviewed in (5), and is usually attributed to the presence of S-phase cells (19, 34) . Under alkaline conditions, the cells in Sphase suffer more damage than G0/G1 and G2/M phase cells. It was first observed by Olive and Banath (14, 15) . The authors explained this phenomenon by the higher number of strand breaks due to the presence of active replication forks. Replication forks in alkaline conditions behave as single-strand breaks and thus more DNA in S-phase cells can migrate during electrophoresis. Although this explanation works well in the case of stimulated cells, it does not explain the heterogeneity observed in unirradiated resting cells, thus pointing to other intrinsic factors that might be responsible, such as chromatin remodeling.
When the percentage of DNA in the comet tail (% Tail DNA) was used as the analyzed parameter, no differences were found in the extent of DNA damage between cells assigned to a particular cycle phase (Table II) . However, in spite of a very good correlation between the two analyzed parameters (Figure 5 ), when the OTM was analyzed, statistically significant differences were found between S and G2/M phase cells and G1 phase cells. The significance lies in the fact that the analysis is based on a single experiment. Thus, the n value taken for the analysis was higher (the number of comets) than the usual 3 (i.e. number of experiments). Although this has been a common approach (18, 19, 31, 32, 35) , it is not recommended (25) . Nevertheless, this finding confirms the recent observations that both parameters give slightly different results (4) .
A slight increase in the extent of DNA migration from the irradiated G1 phase cells as compared with the G2 phase cells has also been observed (statistically significant when OTM was taken as a measure of DNA damage). A similar difference in Comet assay validation for cell cycle-dependent DNA damage the induction of DNA damage in irradiated G1 and G2/M cells was observed by others (13, 33) and attributed to the different chromatin organization. Thus, care has to be taken when interpreting the results of the comet assay, as slight (but statistically significant) increases or decreases in the average comet tail moments or percent DNA in tail can occur simply by changing the distribution of cells in the cell cycle.
Interestingly, a marked difference in the comet fluorescence measured as the total comet intensity between irradiated and unirradiated cells was also observed (Figures 3 and 4) . The decreased comet fluorescence in the damaged cells was also observed previously by Olive and coworkers (31) . Notwithstanding the damaging agent used (X-rays, H 2 O 2 , MNNG or etoposide), those authors observed a dose-dependent loss of the comet fluorescence, accompanied by an increase in DNA damage. The effect was dependent on a dye used to visualize the damaged DNA. The largest loss of the comet fluorescence was observed in staining with DAPI, as compared with Hoechst 33258 and propidium iodide (31) . Since the fluorescence loss also was observed in the case of damaged cells that did not undergo electrophoresis, the possibility was excluded that the decrease in fluorescence was the result of the loss of small DNA fragments during lysis or electrophoresis. Moreover, in contrast with the alkaline comets, the comets obtained from irradiated cells under neutral electrophoresis conditions maintained the comet fluorescence on the similar level to that of comets obtained from the unirradiated cells. While this phenomenon still does not seem to be fully explained, Olive and coworkers (31) offered a reasonable clarification. Following alkaline lysis and neutralization, it is likely that single-stranded DNA becomes highly tangled upon renaturation, probably because high local concentrations of DNA favor the trapping of DNA strands and the partial annealing of non-homologous DNA strands. The resulting DNA structure could appear quite different to the DNA binding dyes. This situation would not occur under neutral conditions when denaturation and renaturation do not take place (31) .
Consistent with this explanation for the loss of DNA fluorescence in the alkaline unwinding method is that proposed by Prosperi et al. (36) for the loss of DNA fluorescence in the alkaline unwinding method. They proposed that the decrease in fluorescence in their experiments was caused by the different affinity of the fluorophore for the supercoiled versus the relaxed DNA molecule resulting in more dye binding to the intact than to the nicked DNA. Although the alkaline comet assay is not analogous to the staining of nucleoids, it is plausible to assume that the observed loss of comet intensity is due to the sensitivity of DNA binding stains to DNA conformation.
Whereas the earlier studies focused on a decrease of ethidium bromide fluorescence attributed it to the damage associated loss of DNA conformation resulting in decreased dye binding, recent studies on DAPI-DNA complexes offered an alternate explanation. On the basis of a variety of experimental observations, complexes of DNA with DAPI bound in the minor groove, major groove and by intercalation have been proposed depending on the DNA sequence. Moreover, a fluorescence quenching due to the an electrontransfer process was observed when the dye was bound to the CG-rich sequences (37) . It is plausible to assume that DNA relaxation due to the radiation-induced damage may facilitate the access of DAPI to different DNA regions resulting in alternation or quenching of its fluorescence.
In conclusion, the cell cycle distribution based on the total comet fluorescence and obtained by arbitrary cell assignment to cell cycle phases was similar to that obtained by flow cytometry for the same cell batch. Further, the minimal number of classes corresponding to the DNA content was established, sufficient to get reliable results. Thus, this approach can be considered trustworthy for studying the cell cycle-dependent DNA damage induction and repair, especially where high throughput methods are desirable. Comet assay validation for cell cycle-dependent DNA damage
